Abstract Plants are confronted with a variety of environmenmtal stresses resulting in enhanced production of ROS. Plants require a threshold level of ROS for vital functions and any change in their concentration alters the entire physiology of plant. Delicate balance of ROS is maintained by an efficient functioning of intriguing indigenous defence system called antioxidant system comprising enzymatic and non enzymatic components. Down regulation of antioxidant system leads to ROS induced oxidative stress causing damage to important cellular structures and hence anomalies in metabolism. Proper mineral nutrition, in addition to other agricultural practices, forms an important part for growth and hence the yield. Potassium (K) is a key macro-element regulating growth and development through alterations in physiological and biochemical attributes. K has been reported to result into accumulation of osmolytes and augmentation of antioxidant components in the plants exposed to water and salt stress. In the present review an effort has been made to revisit the old findings and the current advances in research regarding the role of optimal, suboptimal and deficient K soil status on growth under normal and stressful conditions. Effect of K deficiency and sufficiency is discussed and the information about the K mediated antioxidant regulation and plant response is highlighted.
Introduction
Abiotic stresses affect the growth and productivity of crop plants (Tiwari et al. 1998; Agarwal et al. 1999; Jatav et al. 2014; Ramegowda and Senthil-Kumar 2015) . Salinity, water deficit, high temperature, cold and freezing stresses are detrimental to the plants reducing their yield. Hence, for sustaining food security, due consideration should be given to the evaluation and amelioration strategies to be adopted (Fracasso et al. 2016) .
Stress induced production of ROS results in anomalies in several important cellular biochemical pathways/reactions which operate in cellular organelles like chloroplast and mitochondria (Miyake 2010 ) activating calcium (Ca 2? ) and potassium (K ? ) permeable cation channels at the plasma membrane thereby mediating Ca 2? based signaling events, K ? ion leakage and PCD. Potassium efflux channels activated by ROS include GORK, SKOR and annexins resulting in considerable K ? efflux through these channels thereby causing dramatic K ? loss from plant cells. This ROS induced loss of K ? ions stimulate activity of proteases and endonucleases promoting PCD (see Demidchik et al. 2014) .
Plant cells are equipped with well evolved antioxidant defence system to avoid ROS induced damage maintaining the redox state of cell which help in scavenging ROS, minimizing the adverse effects of indigenously generated ROS. Cell have one or more antioxidants in every organelle acting on a particular ROS to detoxify it (Ahmad et al. 2010) . Enhanced synthesis and accumulation of low molecular weight compounds is another important strategy adapted by plants exposed to water and salinity stresses. Plants tend to accumulate the free amino acids, free proline, non-structural carbohydrates and quaternary ammonium compounds (betaines) to cope up with stressful conditions (Jatav et al. 2014; Tomar et al. 2015) . These compounds are usually called as osmoprotectants and their accumulation reduces osmotic potential and therefore help in restoration and maintenance of the potential gradient between the plant cell and external soil solution. PuniranHartley et al. (2014) have observed a strong correlation between enhanced accumulation of compatible osmolytes and oxidative damage tolerance in salt stressed wheat and barley seedlings.
Potassium mitigates the negative effects of water stress by enhancing the translocation and bringing water balance maintenance. K is actively implicated in several basic biochemical and physiological functions such as stomatal movement, enzyme activation, protein synthesis, photosynthesis, osmoregulation, phloem loading and in reduction of excess uptake of ions like Na (Zorb et al. 2014; Erel et al. 2015) . In cells, K helps to maintain the transmembrane voltage gradients, cytoplasmic pH and the transport of metabolites and inorganic anions (Zorb et al. 2014) . Plants growing on K deficient agricultural soils employ several strategies to maintain optimal required quantity of K which include enhanced potential for high-affinity K ? uptake from the soil, redistribution of potassium ions between the cytosolic and vacuolar pools, cytosolic homeostasis and modifications in the development and architecture of root system (Cherel et al. 2014) .
Plant growth under salinity and water stress is influenced by the ability of plant to control K ? /Na ? ratio in the tissues (Jatav et al. 2014) . Severity of deleterious effects of sodium are greater under low potassium concentrations and plants having efficient activity of potassium transporters maintain optimal levels of potassium required for normal growth under such conditions (Bacha et al. 2015) . Present review encompasses stress (mainly abiotic) ( Fig. 1 ) and potassium induced changes and possible alleviation of ill effects of stress by added potassium.
Plant growth under abiotic stresses and the underlying tolerance mechanisms
Prevailing environmental conditions affect the growth, development and distribution of plant species. Extreme environmental conditions initiate numerous responses leading to changed gene expression pattern and cellular metabolism resulting in hampered growth rate and yield. Tolerance of individual plant species is a cumulative effect of several attributes which are under direct control of expression of genes leading to either stress acclimatization or hardening. Plants experience water stress when water availability to roots is low and transpiration rate exceeds absorption. Reduced water availability affects sink and source, reducing the yield potential which varies with the timing and the severity of stress with respect to plant phenology (Blum 1996) . Different responses are provoked in plants to counter water deficiency during different phases of growth with the generative phase and initiation of flowering the most sensitive ones. In order to circumvent the adverse conditions, plants can employ strategies like escape, avoidance and tolerance (Touchette et al. 2009 ).
Water stress and plant growth
Water deficit conditions can be defined as a situation in which water potential of the plant is reduced to such levels that hinder the normal cellular functions. Water stress is often characterized by reduction in cell water content, turgor loss leading to wilting, stomatal closure and decreased cell enlargement. Exposure of plants to severe water stress may result in the arrest of photosynthetic and drastic disturbances in normal metabolism resulting in cessation of growth or death . Extreme stress conditions such as water deficit initiates a wide variety of morphological, physiological and developmental changes which probably enable them to survive and perform better. Physiological and biochemical responses that are elicited due to deficient irrigation have direct impact on the yield attributes (Agarwal et al. 1999; Jatav et al. 2014; Ahanger and Agarwal 2017a) .
Water stress induced reduction in nutrient uptake in plants is ascribed to reduced root hydraulic conductance, root length, root surface area and impeded root hair growth because of increased production of ABA in dehydrating roots leading to ABA induced stomatal closure and consequent reduced transpiration rate. For improving water use efficiency at critical stages, both efficient root system and soil have important roles to play (Vadez 2014) . Reduced root and shoot hydraulic conductivity under water stress conditions can be due to the interruptions in the xylem water column. Under high vapor deficit conditions plants control water use through controlled leaf area development and stomatal movements which are in turn controlled by hydraulic processes. Availability of adequate quantity of soil moisture content at different important growth stages of plant optimizes the efficiency of important metabolic processes and also increases the effectiveness of the supplemented mineral salts on crop plants (Rahil and Qanadillo 2015) . Water deficit reduces chlorophyll content by affecting the chloroplast membranes, promoting swelling and distortion of the lamellae vesiculation and the formation of lipid droplets (Kaiser 1982) . Reduction in cholorphyll content may be responsible for causing decline in other photosynthetic attributes in water stressed Gossypium herbaceum L. (Deeba et al. 2012) . Water deficit disturbs the basic physiological processes such as photosynthesis which is attributed to the limited access to external CO 2 due to decreased permeability of stomata and altered activity of the enzymes participating in photosynthesis (Karimi et al. 2015) . Pandey et al. (2004) found water stress to reduce the activity of aspartate aminotransferase and alanine aminotransferase and an increase in protease activity concomitant with increased free proline in Oryza sativa L. Proteomic studies have revealed differential regulation of drought stress responsive proteins, transcription factors, signalling associated kinases, antioxidant enzymes and ion transport channels (Deeba et al. 2012) . Drought reduces the seed germination, alters seed anatomy and the productivity (Chamorro et al. 2016) . Salt stress and plant growth
Increasing salinity continuously leads to conversion of arable agricultural land into unproductive waste lands. Significant proportions of irrigated land all over the world are salt affected reflecting on average yields of major food crops (Sairam and Tygai 2004) . Salts at lower concentration suppress the growth whereas higher concentration of salts can lead to death of the plant. Salinity induced alterations in growth and development of plants are due to its cumulative effect on several physiological as well as biochemical attributes like mineral ion homeostasis, water balance, osmolyte accumulation, antioxidant metabolism, nitrogen fixation and photosynthetic capacity of plants (Iqbal et al. 2015 Munns and Tester 2008) . Besides, it affects the uptake of many fundamental nutrients thereby affecting the photosynthetic electron transport system to a large extent having direct bearing on photosynthesis. Salinity stress induced reduction is evident in photosynthetic attributes like net photosynthesis, intracellular CO 2 concentration, quantum efficiency of PSII and activity of Rubisco (Khan et al. 2009; Iqbal et al. 2015) . D1 and associated proteins form important constituents of photodamage repair cycle (Mittal et al. 2012 ). Salt tolerance is the consequence of molecular cascades mediating stress sensing, transduction and expression of stress responsive genes resulting in the production of several protective metabolites (Turkan and Demiral 2009) . Compartmentalization preferably into the vacuole by the active participation of ion transporters, proton pumps and osmotic constituents like proline, glycine betaine etc. contribute towards tolerance mechanisms against excess Na and Cl in the soil. Tolerance to salinity induced osmotic stress is achieved by the long distance signals, may be due to ROS induced signal regulation (Mittler et al. 2011 ) and ion exclusion mechanism predominantly operating in roots inhibiting accumulation of Na ? and Cl -ions in the leaves thereby maintaining their levels below the toxic concentrations. Ion exclusion requires active participation of transporters at plasma membrane and tonoplast level (see Roy et al. 2014) . HKT and SOS (SOS1, SOS2, SOS3) pathway have a pivotal role in maintaining the Na ? transport and homeostasis within the plant. Efficient functioning of HKT mediates the maintainence of high K concentration in cytosol whereas SOS1 acts as Na
antiporter. Tonoplast Na ? /H ? exchanger helps plants improve tolerance by sequestering Na ions into vacuoles. Maintainence of Na and Cl concentrations below toxic levels through the exclusion can also be achieved by retrieving excess toxic ions from xylem, compartmentalizing into the vacuole of root cortex and effluxing into the soil (Zhu 2003; Roy et al. 2014) . Transgenic finger millet plants overexpressing the vacuolar H ? pyrophosphatase exhibited enhanced salt tolerance by maintaining the higher levels of K as compared to Na, showing direct impact on the antioxidant enzyme system thus preventing the oxidative damage to membranes (Anjaneyulu et al. 2014) . Fan et al. (2015) have demonstrated salt stressed potato plants to maintain the increased expression of vacuolar Na/H antiporter thereby maintaining the pace of compartmentalizing Na and preventing the possible cellular damage. Increased Na/H antiporter has positive associations with the tissue K concentration resulting in increased K/Na ratio. Himabindu et al. (2016) have suggested halophyte salt tolerant genes encoding SOS, NHX, Na/K, energy related pumps like plasma membrane and vacuolar H ? -ATPase, vacuolar H ? -PPase and potassium transporters like HKT to be the potential targets worth exploring for understanding and improving the mechanism of tolerance in glycophytes. Expression of these transport proteins is modulated by the external salt concentrations and internally regulated by several genes. Transgenic rice overexpressing vacuolar H ? -ATPase subunit c1 (SaVHAc1) gene from halophyte grass Spartina alterniflora exhibited greater salt tolerance by maintaining higher K/Na ratio reflecting in growth enhancement by affecting photosynthesis, the cellular expansion, modulations in ABA-mediated signalling and the expression of ion transporters like NHX (Baisakh et al. 2012) .
Halophytes present an ideal model for understanding the complex tolerance mechanisms at physiological and genetic levels. In future halophyte and forage species may serve as alternative for farming on salinized soils and their restoration to productive soils (Panta et al. 2014) .
ROS: production and significance
Molecular oxygen receives electrons from high energy level to produce ROS which are deleterious to plant cells at high concentration. Under severe stress conditions, rate of ROS generation exceeds the scavenging potential of cellular defence system resulting in oxidative stress. (Gill and Tuteja 2010; del-Rio 2015) affecting every cellular macromolecule including DNA (Tuteja et al. 2009 ). Another class of ROS includes RNS, which include NO, NO 2 , peroxinitrite etc. which have been shown to be involved in plant stress reactions (Qiao et al. 2014; del-Rio 2015) . Nitric oxide shows important cross-talk association with other radicals including H 2 O 2 eliciting stress signal in response to several abiotic stresses including water and salinity which subsequently result in induction of tolerance mechanisms (Qiao et al. 2014) .
Under restricted water supply conditions, internal CO 2 level is reduced due to early stomatal closure and continuous exposure to sunlight causes transfer of electrons to molecular oxygen resulting in generation of superoxide ions at PSI by the process called as Mehler reaction (Asada 2006) . ROS induced damage to DNA leads to genotoxic stress (Tuteja et al. 2009 ). In addition, stresses provoke damage to membrane PUFA either enzymatically by activating lipoxygenases and cyclooxygenases or non-enzymatically by ROS. Enzyme mediated oxidation of PUFA gives HPODEs. Inactivation of lipoxygenases paves path for radical mediated peroxidation (Wiesner et al. 2003) . ROS attack the membrane PUFA resulting in their breakdown into small hydrocarbon fragments like ketones or MDA or other related product (Garg and Manchanda 2009) . Lemna gibba L. subjected to salt stress exihibit strong correlation between enhanced ROS and inhibition in the activities of PSI, PSII and the photosynthetic electron transport chain (Oukarroum et al. 2015) . Besides being toxic to plant metabolism, ROS controls different processes in plants when present below threshold concentrations. Explicit evidence and reports are available suggesting that ROS integrate signalling pathways involved in maintaining plant growth, development, phytohormone action (see Mittler 2002; Mittler et al. 2011; Baxter et al. 2014 ) and many other physiologically important phenomena like pathogen defence, PCD, stomatal behavior, responses to biotic and abiotic stresses (del-Rio 2015).
Antioxidant system
Excess production of ROS causes oxidative stress leading to cellular damage and ultimately cell death. To prevent or alleviate the ROS induced damage allowing the beneficial functions of ROS to continue, plants have evolved an intriguing antioxidant defence system which functions to keep levels of reactive or active oxygen species under control. Antioxidant defence systems comprises both enzymatic as well as non-enzymatic components.
Enzymatic components
Toxic radicals produced at the site of PSI are scavenged by a series of sequential and parallel reactions called as waterwater cycle (WWC) or Mehler-ascorbate peroxidase (MAP) pathway. Several physiologically important functions of the WWC contributing to the regulation of photosynthesis as well as mitigation of photoinhibition, mediating acclimatization to environmental stresses include: (1) ROS scavenging in chloroplasts, (2) electron sinks, (3) dissipation of excess excitation energy, and (4) ATP supply for CO 2 assimilation in photosynthesis (Ort and Baker 2002; Miyake 2010) .
SOD catalyses dismutation of O 2 -into H 2 O 2 and is frontline defence against the oxidative stress reducing the chances of formation of OH radicals through metal catalysed Haber-Weis reaction. Water stress increases expression of Mn-SOD, Fe-SOD and Cu/Zn-SOD isozymes in Flaveria (Uzilday et al. 2014) . Catalases (CATs) are mainly found in the peroxisomes and are tetrameric heme containing enzymes mediating conversion of H 2 O 2 to O 2 and H 2 O. Broadly speaking plant catalases have been classified into three major classes i.e., catalases which are most prominently found in the photosynthetic tissues and mediate dismutation of H 2 O 2 generated during photorespiration, the other class of catalases are often found in the vascular tissues having a probable role in lignification whereas the third class of catalases are abundant in seeds and young plants and are involved in the removal of excess H 2 O 2 generated in the glyoxylate cycle, during the fatty acid degradation, in glyoxisomes (Willekens et al. 1994 ). Exposure to stressed conditions causes proliferation of peroxisomes resulting in diffusion of H 2 O 2 from cytosol into peroxisomes (Lopez-Huertas et al. 2000) .
Ascorbate-glutathione cycle operating in chloroplasts, mitochondria, apoplast, cytosol and peroxisomes is another important ROS scavenging pathway i.e., Foyer-HalliwellAsada pathway. This cycle has a crucial role in maintaining the balance of ROS within harmless levels helping thereby in averting the stress induced oxidative damage. Like WWC, ascorbate-glutathione cycle comprises both enzymatic as well as non enzymatic components. APX, GR, MDHAR and DHAR are the key enzymes linking to the non-enzymatic antioxidant metabolites, ascorbic acid (AsA) and glutathione (GSH). This cycle also operates for scavenging of H 2 O 2 where net electron flow is from NADPH to H 2 O 2 (Noctor and Foyer 1998; Mittler 2002) . In the process of detoxification through ascorbate-glutathione pathway, APX reduces H 2 O 2 to water using two molecules of ascorbate with the concomitant generation of equal number of MDHA. MDHA can also directly be reduced to ascorbate by enzyme MDHAR and either reduced ferredoxin or NAD(P)H may serve as electron donor (Mittler 2002) . DHA is reduced back into ascorbate by the enzyme DHAR using GSH as reductant. During this reaction, GSSG is generated which is again re-reduced to GSH by GR using NADPH electron donor. Hence, ascorbate and glutathione only participate in the cyclic transfer of reducing equivalents thereby contributing to the reduction of H 2 O 2 to H 2 O using electrons from NADPH.
Antioxidant enzymes including SOD, CAT and APX are important for maintaining the steady state level of superoxide and hydrogen peroxide radicals thereby preventing the formation of more toxic hydroxyl radical via the Fenton or metal-dependent Haber-Weiss reactions. As compared to CAT, APX shows greater affinity for H 2 O 2 . In plants five isozyme forms of APX exist, which include thylakoidal and microsomal membrane bound forms, chloroplastic stromal soluble form and cytosolic and apoplastic form (Caverzan et al. 2012) . GR is an important enzyme of ascorbate-glutathione cycle contributing for the maintainence of GSH pool by catalyzing the NADPH-dependent reduction of oxidised glutathione (GSSG). GR predominantly exists in chloroplast stroma and rarely in mitochondria, peroxisomes and cytoplasm. In addition to mediating H 2 O 2 scavenging, GR confers stress tolerance through maintaining the GSH levels which itself is not only an important component of ascorbate-glutathione cycle but also serves as substrate for other enzymes like GST. The enhanced activity of GR increases ratio of NADP/NADPH ensuring availability of NADP-for accepting electrons from the photosynthetic electron transport chain and minimizing the generation of O 2 -by bringing down the electron flow to O 2 (Ahmad et al. 2010) . GST, the glutathione transferases, are another important large and important group of non photosynthetic enzymes catalysing the conjugation of electrophilic substrates (mostly xenobiotics) with the glutathione. Mostly found in cytosol, GST enzymes have the ability to bind non-catalytically to a range of endogenous and exogenous ligands. GST mediates several functions like detoxification of herbicides and H 2 O 2 , tyrosine metabolism, regulation of apoptosis, hormonal homeostasis and responses to stresses as well (Dixon et al. 2010) .
Non enzymatic components

Ascorbic acid (AsA)
AsA, a water soluble vitamin commonly called vitamin C, is most essential metabolite for plants. Plants maintain relatively good levels of ascorbate with concentrations in leaves ranging from 1 to 5 mM and going up to 25 mM in chloroplasts (Wheeler et al. 1998 ). In plants, AsA serves as a cofactor for enzymes involved in photosynthesis, biosynthesis of phytohormones, anthocyanins, secondary metabolites and the regeneration of antioxidants like atocopherol (Gallie 2013) . In chloroplasts, high ascorbate levels are required to maintain the photosynthetic rate and transmembrane electron transport (Wheeler et al. 1998 ) and overcome photoinhibition caused by strong light (Miyaji et al. 2015) . AsA is synthesized in mitochondria and subsequently transported to other cellular components either through proton-electrochemical gradient or facilitated diffusion (Horemans et al. 2000) .
AsA protects metabolic processes against the deleterious impact of H 2 O 2 and other toxic radicals derived from oxygen. During free radical scavenging, AsA acts essentially as reductant e.g., two molecules of AsA are utilized by APX in ascorbate-glutathione cycle to reduce H 2 O 2 to water. AsA protects membranes either by directly scavenging the toxic radicals like 1 O 2 , O 2 -and OH -or indirectly by regenerating a-tocopherol from tocopheroxyl radical and synthesizing zeaxanthin in the xanthophyll cycle (Eskling et al. 1997 ). Plants exposed to drought (Alam et al. 2014; Shafiq et al. 2015) and salinity (ElSayed et al. 2014; Shan and Zhao 2014) had increased AsA content. Rasool et al. (2012) have demonstrated that tolerant cultivars maintain higher AsA concentrations. Maintainence of cellular redox homeostasis prevent excessive reduction and oxidation (see Foyer and Noctor 2011) . Rice seedlings defective in AsA biosynthetic pathway exhibited increased oxidative damage to membranes (Liu et al. 2013) . Potassium supplementation resulted in increased AsA contents possibly strengthening the antioxidant system and reflecting on yield (Shrivastava et al. 2016 ).
Reduced glutathione
GSH, a tripeptide (c-glutamyl-cysteinyl-glycine; c-GluCys-Gly) is an abundant, ubiquitous thiol and has been observed in all cellular locations including cytoplasm, chloroplasts, mitochondria, endoplasmic reticulum and vacuoles. It is believed to play a key role in triggering the expression of stress-responsive genes (Mullineaux and Rausch 2005) . It also has an important role in adaptations to different environmental stresses which result in its altered cellular concentration. Glutathione and other thiols are involved in integrative control of the photorespiratory and respiratory metabolism and also in bringing about modulation in the phytohormone mediated signalling by triggering the proper modifications of sensitive protein cysteine residues (Noctor et al. 2012) . GSH plays a significant role in the event of growth and development such as; cell differentiation, senescence, cell death, pathogen resistance and enzymatic regulation. Under metal stressed conditions, GSH serves as a precursor for the synthesis of important phytochelatins (Flores-Caceres et al. 2015 Noctor and Foyer 1998) . Active participation of glutathione in protection of photosynthetic system from deleterious impact of salt stress with amelioration of oxidative damage has been observed in Brassica juncea L. (Fatma et al. 2014) . Increase in GSH under water stress conditions helps maintain the optimal activities of ascorbate-glutathione cycle enzymes (Uzilday et al. 2014) . Interaction of GSH with important growth hormones like salicylic acid and ethylene has also been reported (Ghanta et al. 2014 ). In rice, Cao et al. (2015) have noticed amelioration of cadmium stress induced deleterious changes in photosynthetic and yield attributes due to exogenous application of GSH. GSH treated seedlings showed reduction in the accumulation of cadmium in edible parts. Ahanger and Agarwal (2017a) have reported potassium induced improvement in reduced glutathione under water deficit conditions.
Plant secondary metabolites
Phenolic or polyphenolic compounds constitute a large and chemically diverse group of plant secondary metabolites such as; phenylpropanoids and their polymers including lignins, tannins, flavonoids, isoflavonoids, coumarins and anthocyanins. Prime pathway operating in plants leading to biosynthesis of these polyphenols is shikimic acid pathway in addition to mevalonic acid pathway. Accumulation of phenolic compounds is regulated by a variety of environmental factors like water availability (Tomar and Agarwal 2013) , atmospheric CO 2 levels (Goufo et al. 2014) , wounding, herbicides, insect herbivory (Gols 2014) , nutrient deficiencies (Giorgi et al. 2009 ) as well as nutrient availability (Ahanger et al. 2015) , exposure to UV radiations (Yao et al. 2015) , plant developmental stage and the prevailing environmental conditions .
Phenols can chelate toxic metals to restrict formation of toxic radicals through Fenton reaction (Rice-Evans et al. 1997) . Interestingly, another important mechanism underlying the antioxidant property of polyphenolics, especially flavonoids, is their ability to alter peroxidation kinetics by bringing modification in the order of lipid packing arrangement thereby decreasing the fluidity of the membranes (Arora et al. 2000) . Such changes can bring steric restriction in free radical diffusion resulting in lesser chances of peroxidative reactions. Binding and chelation to polyphenols has been observed in water lily rhizomes treated with chromium, lead and mercury (Lavid et al. 2001 ). In plants, phenolics donate electrons to guaiacoltype peroxidases for the detoxification of H 2 O 2 conferring on them antioxidant property (Sakihama et al. 2002) . During the phenolics mediated scavenging of toxic radicals, phenoxyl radical intermediates are formed. These phenoxy radical intermediates are relatively stable and do not propagate radical reactions further and can either terminate the radical chain reaction by interacting with other free radicals or are recycled back to parent phenolics either enzymatically or non enzymatically (Kagan and Tyurina 1998) . Polyphenols including glycosides, derivatives of hydroxycinnamic acid and flavonoids are involved in secondary cell wall thickening therefore increasing the mechanical strength of tissues which is one of the key anatomical features for improving water deficit tolerance. Polyphenol induced strengthening of cell wall coupled with their related functions may induce enhanced resistance to biotic as well as abiotic stress induced oxidative damage (Agati et al. 2012) . Potassium supplementation and application of salicylic acid to barley improved the drought and salinity tolerance by enhancing the accumulation of phenolics (Fayaz and Bazaid 2014) . Potassium enhanced the synthesis of polyphenols including tannins and improved growth under water stress (Tomar and Agarwal 2013; Ahanger and Agarwal 2017a) .
Phenolics lead to the maximal K ? retention within guard cells for the maintenance of major functions of stomata and such functions vary with type of phenol leading to reverse the ABA-induced stomatal closure which is more often initiated by K ? efflux (Purohit et al. 1992) . Synthesis of secondary metabolites is controlled by transcription factors including MYB, HLH, ERF, WRKY, zinc finger, NAC etc. leading to integration of external and internal cues by acting on the cis-binding elements and modulating enzymes involved in metabolite synthesis (Yang et al. 2012) . Environmental stresses like drought, high salinity, temperature and water logging significantly affect the synthesis and accumulation of important phenolic compounds. Altered contents of polyphenols can be beneficial for plant adaptations to stressful conditions. Water stress increased the expression of PAL genes in lettuce (Oh et al. 2009 ). Fagopyrum esculentum plants exposed to increasing salt concentration showed concentration dependent increase in accumulation of phenols imparting higher DPPH free radical scavenging potential (Lim et al. 2012) . Exogenous application of coumarins enhances the production and accumulation of important phenolic compounds as well as the antioxidant potential concomitant with increased PAL activity in wheat growing under salt stressed as well as normal conditions (Saleh and Madany 2015) . Barley exposed to water/salinity stress accumulated phenols significantly higher resulting in quick removal of toxic radicals like superoxide (Ahmed et al. 2015) .
Pretreatment of cucumber seedlings with ferulic acid enhanced the water stress tolerance by enhancing the activity of antioxidant enzymes resulting in the quick scavenging of ROS and reduced oxidative stress. Ferulic acid treatment in conjunction with PEG stress given to seedlings results in higher transcript levels of the antioxidant genes as compared to the treatments of PEG alone. Increased accumulation of osmotic constituents like proline, free sugars due to ferulic acid treatment mediated the active water uptake resulting in the maintainence of RWC (Li et al. 2013 ).
Potassium and plant growth K availability, transport and transporters
Plants require relatively large amounts of macroelements to carry out various cellular functions. Potassium is one amongst the macroelements standing third in the list of importance and requirement to plants. Plants absorb the important elements from the soil solution in the form of ions and potassium is available to plants as K ? . Nearly 2.6% potassium is present on the earth's crust and in soil, majority of the K ? remains either dehydrated or coordinated to oxygen atoms which is unavailable to plants (see Maathuis 2009 ). Both nutrient dynamics as well as the total soil potassium pool affect the K ? availability to plants for absorption in addition to the physico-chemical properties and type of the soil (see Agarwal et al. 2009; Zorb et al. 2014) .
Extraction of K ? from soil solution and its subsequent distribution within the plant tissue system requires efficient membrane bound transport proteins. Molecular studies have demonstrated the complexity of K ? transport and within last few years, a number of transporters mediating K uptake and compartmentalization have been identified. Physiological roles of these transport proteins in influx, efflux, compartmentation and transport of K within the plant have been characterized to certain degree. Transporter proteins involved in maintaining the homeostasis within the plant cell include (a) transport proteins mainly operating at the soil: root interface like AKT, CNGC, KUP/ HAK and channel mediated K ? release (GORK), (b) transporters involved in xylem loading which is mainly mediated by K ? selective (SKOR) or less operative non selective cation channels (NSCC), (c) K
? loading in phloem involving AKT channel and (d) Maathuis 2014; Shabala et al. 2016) . Under K deficient and water stressed conditions expression of high affinity K transporter (KUP/HAK) genes is enhanced contributing towards maintenance of differential homeostasis in plant tissues (Song et al. 2015) .
Role of K in plants and impact of K deficiencey
Low K status triggers expression of high affinity K transporters and associated signalling cascades. ROS molecules and phytohormones like auxin, ethylene, jasmonic acid may have important role in sensing the K deficiency (Ashley et al. 2006) . Potassium deficiency can reduce plant resistance to both biotic as well as abiotic stresses and sufficient potassium promotes pathways and mechanisms including increased accumulation of compatible organic osmolytes, enhancing enzyme activities and also helping in maintainence of higher K/Na ratio thus providing strategy for maintenance of growth and yied (Tiwari et al. 1998; Sharma et al. 2006; Tomar and Agarwal 2013; Jatav et al. 2014; Ahanger et al. 2015) . In addition to its critical role in photoassimilate loading into the phloem tissues, potassium has profound role in maintaining the activity of key metabolic enzymes (Anschutz et al. 2014; see Erel et al. 2015) . Under potassium deficient conditions, K ions are also effluxed from the guard cells into the apoplast because keeping stomata open may be difficult in such conditions (Ahmad and Maathuis 2014). Potassium salts induce positive changes in photosynthetic attributes like net CO 2 assimilation rate, stomatal conductance, intercellular CO 2 concentrations, mesophyll conductance (Tiwari et al. 1998) , chloroplastic CO 2 concentrations and electron transport system (Xiao-guang et al. 2015) .
Roots are the first main organs to experience and sense the deficiency of potassium. Root hair and epidermal cell plasma membranes sense the K deficiency and transduce subsequently to the cell cytosol. Membrane potential, ROS and phytohormones are involved in short term responses after hours of exposure to K deficiency as compared to long term responses that take much time to express at the metabolic and morphological levels ).
Potassium and stress tolerance
Studies conducted by employing electrophysiological techniques in tobacco have indicated threshold requirement of K for the cell cycle progression (Sano et al. 2007 ). K starved plants are often accompanied by increased nonphotochemical quenching of Chl fluorescence and reduced efficiency of excitation transfer as well as the photochemical quenching coefficient (Weng et al. 2007 ). Under water stress conditions K deficiency causes restriction in stomatal movements as has been observed in sunflower (Benlloch-Gonzalez et al. 2010) . Adequate K levels are important for preventing oxidative damage through regulation of stomatal movements, osmoregulation and water use efficiency (Shabala and Pottosin 2014) . Gimeno et al. (2014) have demonstrated enhanced drought stress tolerance in K treated Citrus macrophylla L. plants. Crop cultivars sensitive to water stress exhibit less phosynthetic rates due to their reduced K uptake potential (Song et al. 2015) . Martineau et al. (2017) have reported significant role of K in optimizing Zea mays yield through its active involvement in the improvement of growth attributes like leaf area, height, water potential maintenance, photosynthetic characteristics, WUE and the grain filling.
Under short and long term drought stress conditions, K and Ca efflux from the leaf mesophyll can serve as chemical signal indicating the intensity of stress. Such efflux of K has also been observed in salinity stressed barley plants (Britto et al. 2010) . K starvation directly affects water status of plants by reducing the activity of root aquaporins and suppressing hydraulic conductivity. Reduced hydraulic conductivity results in decreased cellular expansion by restricting sufficient water supply to growing tissues and to leaf for transpiration (Kanai et al. 2011) . K reduces ROS generation by inhibiting the NADPH-oxidase (Cakmak 2005) therefore leading to reduced lipid peroxidation (Hernandez et al. 2012) . Under salinity (Zheng et al. 2008 ) and water stress (Ahanger and Agarwal 2017a), K improves growth strengthening antioxidant system and bringing down the oxidative-stressinduced peroxidation of membrane lipids.
Improved salt tolerance is linked with enhanced ability to discriminate between K ? and Na ? in the soil solution during their transport to the shoot. Preferential accumulation of K ? and exclusion or sequestration of Na ? into the less sensitive organelles or cell spaces like vacuole or apoplast is also important. Chen and Polle (2010) have identified the key mechanisms favoring salt tolerance in plants. In root cells, compartmentalisation of chloride (Cl) ions into the vacuole, reduced NaCl loading in xylem, Na ? extrusion into the soil solution and prevention or reduction of excessive loss of K ? by regulating the depolarisationactivated cation channels contribute to salt tolerance. Shoot, leaf cells preferably compartmentalize Na ions into vacuole or apoplast and such mechanisms improve K ? /Na ? balance, an important prerequisite for increased salt tolerance. Ability of plant cultivars to retain the leaf mesophyll K by regulating its excessive efflux through plasma membrane is an important trait of salt tolerance (Wu et al. 2013) . Plants prefer to maintain concentrations of Na below the toxic levels particularly in the upper plant parts as compared to root (Iqbal et al. 2015; Ahanger et al. 2015; Ahanger and Agarwal 2017b) .
Maintaining high K ? /Na ? ratio is much important that to maintain the low concentrations of Na ? (Cuin et al. 2003) and high K ? /Na ? ratio has been reported to be closely related to salt resistance in chickpea (Ozcan et al. 2000) , Brassica napus (Qasim and Ashraf 2006) , rice and finger millet (Vijayalakshmi et al. 2014) . During xylem loading plants show selectivity for K ? over Na ? and this capacity together with the potential to redirect Na ? from leaves to roots, are important tolerance strategies for accommodating mild saline stress (Attia et al. 2009 ).
Contribution of osmolytes to stress tolerance
The mechanisms which allow a species to tolerate prolonged periods of stress can involve several attributes and accumulation of osmotically active solutes during periods of water and salinity stress can be one of the strategies of stress tolerance. Many compatible solutes are used in osmotic adjustment because even at high concentration, they do not pose deleterious effects to macromolecular processes (Hayat et al. 2012) . Compatible solutes include both organic as well as inorganic components. Osmolyte accumulation helps plants maintain cell volume homeostasis, protein folding, protein disaggregation, and protein-protein interactions. Osmolytes shift equilibrium toward natively-folded conformations by raising the free energy of the unfolded state. As osmolytes predominantly affect the protein backbone, the balance between interactions of osmolyte with the protein backbone and the amino acid side chain and the solvent determines the fate of protein folding (Khan et al. 2010) . Osmotic adjustment has positive associations with grain yield under limited water environments in several plants like sorghum (Singh and Kuhad 2005) , barley (Gonzalez et al. 2008 ) and wheat (Jatav et al. 2014 ). Potassium is a major contributor to osmotic adjustment in the beginning of the water deficit which however, is overtaken by organic osmolytes with the growth transitions (Nio et al. 2011) . Potassium supplementation results in greater amino acid accumulation, mainly the ones serving as precursors for important protective molecules (Sharma et al. 2006) . Ahmed et al. (2013) has attributed the improved tolerance to combined effect of water and salinity stress to higher K ? accumulation leading to reduced Na/K ratio, accumulation of osmolytes including proline, sugars and GB resulting in greater WUE.
Potassium-induces proline accumulation contributing to better tissue water maintenance (Ahanger and Agarwal 2017a, b; Zain and Ismail 2016) . Potassium-induced enhancement in proline accumulation may probably help plants to recover quickly after stress release and accumulated proline may provide energy for growth and transition phase (Kishor and Sreenivasulu 2014) . However, potassium-induced regulation of proline metabolism, at transcriptional or translational levels is still to be evaluated.
Under potassium deficient growth conditions, feeding potassium salt promotes degradation of glucose, fructose and sucrose concomitant with enhancement in their synthesis. Such impact of potassium shall reflect certain effects on the cellular respiration rate by maintaining the optimal supply of glucose and fructose (Sugiyama and Goto 1966) . Ibrahim et al. (2012) have reported considerable increase in the activity of invertase (acid as well as alkaline) resulting in significant improvement in sugar accumulation in potassium supplemented Labisia pumila.
Conclusion and future prospects
Environmental stresses enhance the production and accumulation of ROS causing oxidative stress and peroxidation of PUFA resulting in loss of membrane functioning. Though the research pertaining to the understanding of tolerance strategies like antioxidant system, osmoregulation and the K nutrition has significantly added to the current knowledge, but further substantiation is required regarding its relevance to complex ROS scavenging pathways. Use of transgenic technique in improvement in metabolic pathways linked to ROS scavenging and upregulation of antioxidant system need to be taken as prime target. K nutrition enhances growth performance of plant under normal as well as stress conditions by modulating the metabolism and the changes are triggered at genetic and molecular levels (Fig. 2) . Therefore, identifying the gene products expressed under K deficient conditions can be useful in identifying the definite set of markers involved in K induced stress tolerance. 
